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ABSTRACT
Context. The process of massive star formation is tightly connected with the appearance of molecular outflows, which interact with
surrounding interstellar medium and can be used as a proxy to study the accretion process of material onto forming massive stars.
Aims. We aim to characterize the morphology and kinematics, as well as the driving source, of the molecular outflow from the massive
young stellar object G192.16-3.82, which is associated with the giant Herbig-Haro flow HH 396/397, spanning over 10 pc.
Methods. We present new, high spatial and spectral resolution observations of the complex at near-infrared wavelengths (2.0−2.3 µm)
using the LUCI near-infrared camera and spectrograph with the Advanced Rayleigh guided Ground layer adaptive Optics System,
ARGOS, at the Large Binocular Telescope.
Results. We discover a string of tightly collimated knots of H2 emission, spanning the full observed field of ∼ 4′, and determine
an excitation temperature of 2600 ± 500 K for the brightest knot, which is situated close to the driving source. We show that the
kinematics of the knots are consistent with them being ejected from the central source on timescales of a few times 102−3 years.
Conclusions. The driving source (or sources) of the outflow is obscured at near-infrared wavelengths, possibly due to a thick accretion
disk. The distribution of H2 emission in the region, together with high mass-infall rates reported recently, indicate G192 has undergone
several large accretion bursts in the recent past.
Key words. ISM: jets and outflows – Circumstellar matter – Accretion, accretion disks – Stars: formation
1. Introduction
Because of the large extinctions and distances typically involved,
direct observations of the accretion process of mass onto forming
massive stars are difficult to obtain. However, the accretion and
ejection processes in massive young stellar objects (MYSOs)
are known to be linked, as shown from observational studies
of molecular outflows at radio wavelengths (e.g. Beuther et al.
2002; Maud et al. 2015) and collimated jets at infrared wave-
lengths (e.g. Caratti o Garatti et al. 2015), and further supported
by numerical simulations by Kölligan & Kuiper (2018).
In this Letter, we present new high-resolution near-infrared
observations of the environment around the massive young stel-
lar object G192.16-3.82 (G192). Radio observations by Hughes
& MacLeod (1993) of the ultra compact H ii region associated
with this MYSO indicate it harbors a forming early B-star, with a
luminosity of ∼ 2400L scaled to the distance of 1.52±0.08 kpc
found by Shiozaki et al. (2011). Early interest in the 1990s was
raised because this region exhibits a strong and wide bipolar CO
outflow (Shepherd et al. 1998). Traces of (shocks in) the bipo-
lar outflow can even be seen in the optical, where Hα and [S ii]
emission associated with the Herbig-Haro objects HH 396/397
can be found over a total extent of > 5 pc in each direction from
the driving source (Devine et al. 1999).
Imai et al. (2006) discovered several H2O maser features in
the G192 region. Two of the three maser clusters are associ-
ated with the infalling/rotating accretion disk of the northern-
most YSO, and the third with the highly collimated jet of the
southern YSO. The distance between them is about 1200 au. Us-
ing VLA observations with a spatial resolution of 40 mas, Shep-
herd et al. (2001) established the presence of a solar-system-
sized circumstellar dust disk around the southern YSO. More-
over, they suggested the presence of a close companion of the
southern source, located at a distance of ∼ 80 au. These observa-
tions brought G192 to wide attention within the star-formation
community and indicated that at least early B-stars may form in
a general accretion-disk scenario like their lower-mass siblings,
the T Tauri and Herbig Ae stars. Clear observational support for
this is still rare in case of even more massive O-stars.
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At near-infrared wavelengths, the intricate morphology of
the close circumstellar environment of G192 has proven diffi-
cult to discern given the resolution limits of existing observa-
tions. Indebetouw et al. (2003) and Varricatt et al. (2010) pre-
sented near-infrared narrow-band imaging of the region. The lat-
ter work identified a few knots of H2 emission away from the
central source, however, these seeing-limited observations illus-
trate the limits of 3-4 meter class telescopes in recovering faint
extended emission in such distant star-forming regions. High
spatial resolution and signal-to-noise data are needed to study
the substructure and dynamics of the region. In this letter, we
present a near-infrared investigation with 0.25′′ spatial resolu-
tion and R ∼ 10000 spectral resolution of the G192 region.
2. Observations and data reduction
We observed G192 in the near-infrared with the LUCI imager
and spectrograph (Seifert et al. 2003; Buschkamp et al. 2012)
at the Large Binocular Telescope (LBT) on Mount Graham In-
ternational Observatory between 2015 and 2017, during several
commissioning nights of the Advanced Rayleigh guided Ground
layer adaptive Optics System (ARGOS; Rabien et al. 2019).
These ground-layer-corrected AO observations cover the entire
4′×4′ of the LUCI field of view, including G192 and extended
outflows in the region.
2.1. Imaging
Observations in the Ks, H2 and Brγ filters were obtained on De-
cember 17th, 2015, with LUCI1. The observing strategy con-
sisted of small dither offset exposures (to remove bad pixels)
shortly followed by a large offset set of exposures to build a
sky frame. Each exposure was of 3 sec in order to minimize
saturation and persistence effects. The latter we corrected on a
pixel-by-pixel basis with persistence and linearity maps (see Ap-
pendix A in Georgiev et al. 2019), prior to performing standard
dark, flat fielding, sky subtraction and final image registration.
Finally, the Ks image is an average combined from 58 exposures
resulting in 174 sec of total exposure time. The H2 and Brγ fil-
ters were combined from 72 and 39 exposures, respectively, each
of 6 s, for total on-source exposure times of 432 sec (H2) and
234 sec (Brγ). The DIMM seeing at λ=0.55 µm was about 1.0′′,
corresponding to about 0.76′′ at λ = 2.2 µm. The pixel scale of
the images is 0.118′′/pix, and the FWHM of the PSF after AO
correction is 0.31′′ in both narrow-band filters and 0.37′′ in Ks.
We obtained an astrometric solutions with Astrometry.net
(Lang et al. 2010), using index files compiled from the Gaia DR2
catalog (Gaia Collaboration et al. 2018). The accuracy of the ab-
solute astrometric solution, estimated by measuring the scatter
in the positions of the approximately 100 Gaia stars in the field,
is 79 mas in the H2 and Brγ filters, and 98 mas in the Ks filter.
2.2. Spectroscopy
Long-slit spectroscopic observations with LUCI1&2 were per-
formed using both 8-m telescopes in binocular mode on the night
of March 11th, 2017 with a spectral resolution of R ≈ 10 000 us-
ing the 0.25′′ slit. We took a total of eight 150 s exposures in
sequence, including two off-target positions for sky subtraction,
for a total on-source integration time of 15 minutes. The slit was
oriented at a position angle of 92.5◦, covering the position of
the 1.3-cm continuum source and several H2 knots visible in the
narrow-band H2 images. The wavelength coverage was 2.104-
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Fig. 1. Color-composite image of the inner region of G192 showing
emission in the Ks (red), H2 (green) and Brγ (blue) filters. The blue
circle marks the position and error ellipse of the K′ source detected
by Indebetouw et al. (2003), and the red circle marks the location of
the 1.3-cm continuum source (Shepherd et al. 2004) with an assumed
positional uncertainty ≤ 0.1′′. The white circle in the lower right shows
the positional accuracy (98 mas) of our astrometric solution, and the
thin white line shows the slit position of the spectroscopic observations.
2.256 µm and 2.151-2.303 µm for LUCI1 and LUCI2, respec-
tively.
The spectra were reduced in IDL using the Flame data re-
duction pipeline (Belli et al. 2018), including flat fielding, wave-
length calibration and field distortion correction using telluric
OH lines, and corrections for non-linearity of the detector. The
spectra from LUCI1 and LUCI2 were averaged together to in-
crease the signal-to-noise ratio in the common wavelength range
(2.151-2.256 µm). No absolute flux calibration was applied.
3. Results
3.1. Morphology
Figure 1 shows a color-composite image of the Ks, H2 and Brγ
emission of the inner region (12′′×14′′) around G192, together
with the locations and positional uncertainties of the 1.3-cm con-
tinuum source of Shepherd et al. (1998) and the K′ source re-
ported by Indebetouw et al. (2003). In Fig. 2, we show the large-
scale Ks, H2 and Brγ emission in the region, together with the
continuum-subtracted H2 emission. In the continuum-subtracted
image the elongated structure of several H2 knots, some of
which are associated with optical emission from HH 396/397
(HH 396A, B; HH 397A, B, C, D), become visible. The knots to
the east of the 1.3-cm continuum source are associated with the
blue-shifted lobe of the outflow, while those to the west are asso-
ciated with the red lobe (see Sec. 3.2). We have designated knots
detected primarily in the near-infrared as NIRS1, NIRS2, etc.
These knots are part of the large-scale molecular outflow mov-
ing along the east-west direction. The western knots lie along
a relatively straight line, and are spaced at roughly equal in-
tervals of 10-15′′. To the east, several knots (HH 397 NIRS3,
C, D) show extended arc-like features, resembling bow shocks.
The east-west orientation seen in the near infrared matches that
of the CO and optical outflows (Shepherd et al. 1998; Devine
et al. 1999). Additionally, a faint “bubble” of H2 emission is seen
around Star 5 from Jones et al. (2004).
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Fig. 2. Above: Color-composite image showing emission in the Ks (red), H2 (green) and Brγ (blue) filters. Below: Continuum-subtracted H2 image.
The slit position of the spectroscopic observations is overlaid in both panels. Stars observed by Jones et al. (2004) are marked in the upper panel,
while individual knots in HH 396/397 (A, B, etc.) identified by Devine et al. (1999) are marked in the lower panel, together with near-infrared
knots (NIRS1, 2, etc.) identified in the present work.
3.2. Kinematics
To obtain two-dimensional spectra, the spectrograph slits of both
telescopes were oriented along the western episodic outflows, as
shown in Fig. 2. The brightest emission is in the H2 lines 1 −
0 S(1) (2.12 µm), 1−0 S(0) (2.22 µm), and 2−1 S(1) (2.24 µm),
with weak emission also detected from HH 397A in the 2−1 S(2)
(2.154 µm) line (Fig. 3). Notably, no Brγ emission was detected
in HH 397A, which is at odds with the narrow-band observations
presented by Indebetouw et al. (2003). HH 397A has a bright, red
continuum contribution (see Fig. 4), which is not seen in any of
the other knots. The continuum has an irregular spatial structure
along the slit, with two bright emission peaks about 3′′ (4500 au)
apart.
The three right panels in Fig. 4 show PV diagrams of the H2
emission along the slit. The knots appear to be episodic in nature,
and have an asymmetrical velocity structure. Each western knot
is red shifted relative to the peak of NH3 emission reported by
Shepherd et al. (2004), while the eastern knots are blue shifted.
We fit the line profiles with a Gaussian at each point along the slit
to determine the radial velocity (Fig. 5), and show the mean ra-
dial velocity of each knot in Table 1. Finally, using an inclination
angle of the outflow of 63◦ from the line of sight (Shepherd et al.
1998), we estimate the corresponding proper motion, along with
the back-projected launch time from the assumed starting loca-
tion, the position of the 1.3-cm source, of each knot observed in
the slit (see Table 1).
3.3. Excitation temperature of HH397A
Under the assumption that conditions are close to local thermo-
dynamic equilibrium, we used the Boltzmann distribution to es-
timate the excitation temperature of HH 397A. In Fig. 6 we plot
the logarithm of the H2 column density Nν (plus an arbitrary con-
stant) against the corresponding energy level Eν for each line.
The column density may be expressed as NJ =
2FJλJ
AJ}c
, where
FJ , λJ and AJ are the flux, line wavelength and Einstein coef-
ficient of each transition, respectively. Since our observations
are not absolute flux calibrated, the value of the column density
can’t be calculated directly; however, the Boltzmann distribu-
tion requires only the ratios of fluxes to estimate the excitation
temperature (i.e. ln
NJ
gJ
∝ EJ
T
, where gJ , EJ and T are statisti-
cal weight of the transition, energy of upper level and excitation
temperature, respectively). We estimate the relative flux calibra-
tion uncertainty to be on the order of 10%, and ignore the effects
of interstellar absorption on the line fluxes, which are small due
to the closeness in wavelength and energy levels of the transi-
tions. Under these assumptions, we find an average excitation
temperature in the HH 397A region of 2600 ± 500 K.
Article number, page 3 of 6
A&A proofs: manuscript no. ms
2.125 2.150 2.175 2.200 2.225 2.250 2.275 2.300
Wavelength (µm)
0.0
2.5
5.0
7.5
10.0
12.5
15.0
N
or
m
al
iz
ed
in
te
n
si
ty
1
−
0
S
(1
)
2
−
1
S
(2
)
1
−
0
S
(0
)
2
−
1
S
(1
)
Fig. 3. Continuum-normalized one-dimensional spectrum of HH 397A, averaged over 9′′, where the detected H2 emission lines are labeled.
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Fig. 4. Left two panels: emission in the Ks filter and H2-Ks (continuum subtracted) with the slit position overlaid (solid black lines). The red
cross marks the position of the 1.3-cm continuum emission (Shepherd et al. 2004), which is placed at the origin of the coordinates δx (across the
slit) and δy (along the slit). Right three panels: PV diagrams of the three lines of H2 emission along the slit. Contours have been drawn for the
continuum-subtracted H2 emission at 4.5, 8.2, 15, 27 and 50 times the background rms level. The horizontal dotted lines mark the location of the
radio continuum source along the slit in all five panels, while the vertical dotted lines in the right three panels show the velocity of the peak of
NH3 emission, 5.7 km s−1 (LSR), reported by Shepherd et al. (2004).
4. Discussion
Indebetouw et al. (2003) identified a very red 2-µm source near
the position of the millimeter source of Shepherd et al. (2001).
Given their seeing-limited spatial resolution and positional ac-
curacy of ∼ 1′′, they concluded that the 2-µm source and mil-
limeter sources are coincident, with the emission at 2 µm arising
from a combination of photospheric emission and scattered light
from the driving source(s) in G192. Using arguments based on
line-of-sight extinction to the central source, they speculate that
the circumstellar disk of G192 may have a cleared inner hole
(roughly 10 − 15 au), and that active accretion in the source has
ended or temporarily stopped.
Our AO-corrected imaging and much higher positional accu-
racy show that the 2 µm and millimeter emission in G192 are dis-
tinct, with no significant near-infrared emission at the position of
the millimeter source. Indeed, as Indebetouw et al. (2003) show,
given the estimates for the disk mass (3−15 M; Shepherd et al.
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Table 1. Parameters of H2 emission knots in G192
Knot RA Dec 〈vLSR〉 Estimated proper motion Launch time
(J2000) (J2000) (km s−1) (mas yr−1) (yrs ago)
HH 396 NIRS4 5h58m8.8s +16◦31′59.3′′
HH 396B 5h58m9.6s +16◦31′59.8′′ 67 ± 3 ∼ 16 ∼ 4000
HH 396 NIRS3 5h58m10.2s +16◦31′59.2′′
HH 396A 5h58m11.0s +16◦31′59.7′′ 133 ± 6 ∼ 32 ∼ 1300
HH 396 NIRS2 5h58m11.1s +16◦32′7.0′′
HH 396 NIRS1 5h58m12.1s +16◦31′59.3′′ 107 ± 23 ∼ 25 ∼ 900
HH 397A 5h58m13.8s +16◦31′57.1′′ −24 − 0 ∼ 0 − 6 . 2100
HH 397 NIRS1 5h58m15.6s +16◦31′55.7′′ −20 ± 12 ∼ 5 ∼ 7000
HH 397 NIRS2 5h58m16.4s +16◦32′16.3′′
HH 397 NIRS3 5h58m18.2s +16◦32′5.7′′
HH 397B 5h58m18.3s +16◦31′21.0′′
HH 397C 5h58m19.2s +16◦32′3.1′′
HH 397D 5h58m20.7s +16◦31′55.9′′
Notes. Mean radial velocities and corresponding proper motion estimates were determined only for knots lying along the slit.
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Fig. 5. Velocity of H2 emission along the slit obtained from fitting the
line profiles. The red cross marks the location of the 1.3-cm continuum
source and the peak velocity of NH3 emission (Shepherd et al. 2004).
2001) and inclination angle of the outflow (∼63◦; Shepherd et al.
1998), there should be no detectable near-infrared emission if we
are looking through the mid-plane of the disk. At the same time,
the relatively bright continuum component in HH 397A, which
is absent in all the other near-infrared extended sources in the
region, indicates that this region is indeed illuminated by one or
more YSOs in the vicinity. The derived excitation temperature of
∼ 2600 K in HH 397A is consistent with shock excitation of the
gas, indicating that this region is not merely a quiescent reflec-
tion nebula. Taken together with the age estimates for the other
knots in the region, this implies that accretion bursts in G192
have been taking place quasi-regularly over at least the past few
102−103 years.
The velocity distribution of the red-shifted knots shows that
the HH 396 NIRS1 and NIRS2 knots have higher velocities than
the HH 396 NIRS3 knot, which may be an indication of interac-
tions with interstellar surrounding material. This same scenario
may be occurring in the case of HH 397 NIRS1 in the eastern
(blue-shifted) blue part of the outflow, if the outflow material was
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Fig. 6. Boltzmann diagram for the 2 − 1 S(1) (2.24 µm), 1 − 0 S(0)
(2.22 µm) and 1−0 S(1) (2.12 µm) H2 lines (left to right) in the HH 397A
region. The solid line shows the best fit to the level populations, with an
excitation temperature of 2600 K.
ejected into a region with much higher local density, and hence
almost instantly decelerated to the low velocities (∼ 20 km s−1)
observed. On the other hand, another explanation of such a ve-
locity distribution may be related to deceleration of accretion,
where the slowest (and closest to the central source) knot might
have been ejected when the accretion rate was lower.
An explanation of apparent episodic nature of the outbursts
may be related to the fragmentary structure of the accretion
disk. Meyer et al. (2017) performed 3D radiation hydrodynam-
ics simulations, showing the gravitational collapse of a 100 M
proto-stellar core, tracing the evolution of the accretion disk over
30 kyr. The accreting material around the protostellar core forms
into spiral arms, and density inhomogeneities cause part of the
material in the arms to fragment into clumps. These clumps con-
tinue to fall onto the star, causing periodic outbursts of matter.
The high infall rates recently derived for G192 by Tang et al.
(2019) of > 10−3 M/yr support this picture. These SMA molec-
ular line measurements trace the infall from the surrounding en-
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velope to the central (potentially disk-like) part of G192, and
such high infall rates can certainly induce instabilities within the
disk, which could lead to subsequent fragmentation.
It is interesting to note that the blue-shifted velocities in the
strongest H2 emission structure, HH397A, just raise up to around
−30 km/s. In comparison, the SMA CO mapping by Liu et al.
(2013) revealed a high-velocity CO component at this location
with velocities of over −70... − 90 km/s. This can be reconciled
when assuming that the inner parts of the molecular outflow have
a strong component with a large opening angle of ∼ 90◦ (Shep-
herd et al. 1998; Shepherd & Kurtz 1999). Hence, the CO ob-
servations include a component with smaller inclinations to the
observer, while the H2 flow mainly proceeds along the main jet
axis, ∼ 63◦ inclined to the line-of-sight.
Finally, we note that for the proper motions of the knots es-
timated in Table 1, observations with comparable spatial resolu-
tion (∼ 300 mas) and astrometric accuracy (∼ 100 mas) should
reveal positional changes of the outflow knots on the order of
100 mas after only five years.
5. Summary and conclusion
In this work, we presented new AO-corrected photometric and
spectroscopic observations of a 4′ field around the massive
young stellar object G192.16-3.82 at near-infrared wavelengths
(2.0 − 2.3 µm).
Using continuum-subtracted narrow-band images, we re-
vealed several knots of emission in the H2 line at 2.12 µm lying
approximately along the east-west axis, consistent with the mor-
phology of the Herbig-Haro flow seen at optical wavelengths.
Five of the six knots detected to the west of the central MYSO lie
along a straight line and are spaced roughly evenly at intervals of
10−15′′. The back-projection launch times of the western knots,
which were presumably associated with major accretion events,
were estimated from the observed radial velocities and assumed
inclination of 63◦ and span up to ∼ 103 −104 yrs in the past. The
H2 emission to the east of the MYSO, on the other hand, is more
irregular. The morphologies of several of the knots resemble bow
shocks, with the brightest line and continuum emission arising
in HH 397A near the central source. The excitation temperature
derived from the H2 line fluxes in this region is consistent with
shock excitation.
The high spatial resolution (0.3 − 0.4′′) and precision of the
astrometric solution (0.08 − 0.1′′) of the observations allowed
us to determine that the driving source (or sources) of the large-
scale outflow HH 396/397 remains completely obscured at near-
infrared wavelengths, which suggests that the line of sight to the
central source lies through the midplane of the disk. Taken to-
gether with the high infall rates, the observed asymmetries and
episodic nature of the G192 outflow at near-infrared wavelengths
support the picture that the central MYSO is still accreting mate-
rial on scales of hundreds to thousands years, and that the accre-
tion disk may have undergone several fragmentation incidents in
the recent past.
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